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Proprioceptive Alignment
of Visual and Somatosensory Maps






A touch on one hand can enhance the response to a
visual stimulus delivered at a nearby location [1, 2],
improving our interactions with the external world. In
order to keep such visual-tactile spatial interactions
effective, the brain updates the continuous postural
changes, like those typically accompanying hand
actions, through proprioception, thus maintaining the
somatosensory and visual maps in spatial register [2,
3]. The posterior parietal cortex (PPC) might be critical
for such a spatial remapping [4]; nevertheless, a
direct causal demonstration of its involvement is lack-
ing. Here, we found that unattended touches to one
hand enhanced visual sensitivity for phosphenes
induced by occipital trancranial magnetic stimulation
(TMS) [5] when the touched hand was spatially coinci-
dent to the reported location of the phosphenes in
external space. Notably, this spatially specific cross-
modal facilitation was maintained after hand crossing,
suggesting an efficient visual-tactile remapping. Criti-
cally, after 1 Hz repetitive TMS interference [6] over
the PPC, but not over the primary somatosensory
cortex,phosphenedetectionwasstill enhancedbyspa-
tially coincident touches with uncrossed hands, but it
was enhancedby spatially noncoincident touches after
hand crossing. This is the first causal evidence in
humans that the PPC constantly updates the represen-
tation of the body in space in order to facilitate cross-
modal interactions.
Results and Discussion
Everyday actions toward external stimuli are highly aided
by the efficient integration between visual and somato-
sensory information coming from touched objects [2, 3,
7]. This is possible thanks to multisensory integration
subserved by different neural mechanisms. First, there
are multisensory areas where visual and tactile informa-
tion converge for integration even at the single-neuron
level. In the monkey brain, there are single bimodal neu-
rons that respond to tactile stimuli delivered to a certain
location on the skin and to visual stimuli near that body
part (peripersonal space) (e.g., [2, 8]). Similarly, in hu-
mans, brain imaging studies have shown brain struc-
tures that are activated by spatially coincident tactile
and visual stimuli [1]. Furthermore, stimuli of one sensory
modality can enhance the activity of unimodal areas
*Correspondence: nadia.bolognini@unimib.itresponding to a spatially coincident stimulus in another
sensory modality, possibly through feedback projec-
tions [1, 9, 10]. A critical feature of many such visual-tac-
tile interactions is that these are critically linked to the
position of the touched body part in space. For example,
single visual-tactile neurons discharge for hand touches
but also to visual stimuli near the hand, regardless of the
absolute position of that hand in external space (e.g., [8,
11]). This gives rise to a body-centered (hand-centered in
the specific example) representation of peripersonal
space, where the visual response of given visuo-tactile
neurons remains anchored to the skin region corre-
sponding to their specific tactile response even across
postural changes [2, 3, 7, 12]. Proprioception constantly
updates the absolute spatial position of highly mobile
body parts (such as the hands) so that this visual-tactile
representation is always efficient. Recent neuroimaging
data show that the intraparietal region is critical for
such a proprioceptive tuning of visual-somatosensory
coordinates [4]. In this paper, we sought for a causal
demonstration for this evidence by disrupting, with re-
petitive transcranial magnetic stimulation (rTMS), the
activity of the posterior parietal cortex (PPC), on the
basis of previous evidence showing a role of the intrapar-
ietal area VIP (ventral intraparietal sulcus) in the multi-
sensory representation of limb position [4].
A direct measure of the excitability of visual cortex can
be obtained by the application of TMS over the primary
visual cortex (V1) [13–15]. In blindfolded participants,
TMS can induce transient visual sensations, known as
phosphenes [5], occurring at a precise spatial location
in external space that reflects the retinotopic organiza-
tion of the visual field in V1.
In two preliminary experiments, we first explored how
the visual cortex excitability (measured as the likelihood
of inducing phosphenes) could be enhanced by a spa-
tially concurrent tactile stimulus at the hand. Further-
more, we tested whether any crossmodal facilitation of
phosphene detection depended on the spatial alignment
of the stimulated hand with the reported location of the
phosphenes in external space, in order to assess the oc-
currence of a proprioceptive updating of visual-tactile
spatial facilitation. Finally, in the critical third experiment,
we tested the role of PPC for such a proprioceptive up-
dating by disrupting this brain region through rTMS.
In order to obtain reliable data with a delicate mea-
sure, such as the subjective report of seen phosphenes
[16], we used psychophysical indices derived from sig-
nal detection theory [17] in order to separate genuine
crossmodal enhancement of perceptual sensitivity (i.e.,
changes in d0) from the mere effect of tactile stimuli on
response bias (i.e., changes in the criterion c) (for de-
tails, see the Supplemental Data available online). This
is a particularly relevant issue in the present context,
considering that in some instances, multisensory en-
hancement of perceptual processes might simply follow
a strategic sensory encoding process that relies upon
the typical spatial and temporal correlations between
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work represents an advance from previous studies that
have used TMS-elicited phosphenes to explore the
modulation of visual cortical excitability by different fac-
tors, such as attention, eye movements, tactile stimula-
tions, and visual imagery [22–25], even through the use
of rigorous psychophysical approaches (e.g., [22]).
Below, a concise description of the experimental de-
sign and only the results of the critical direct statistical
comparisons (Newman-Keuls test) are reported. Further
methodological details and results description are re-
ported in the Supplemental Data.
Blindfolded participants received TMS stimuli at the
threshold intensity for the inducement of phosphenes
and were asked to verbally report any perceived visual
sensation. The TMS stimulation could be delivered alone
or paired with a simultaneous touch to the index finger
(crossmodal stimulus); catch trials were also presented
(i.e., a touch alone). Critically, touches could be deliv-
ered to the hand that was at the same spatial location
Figure 1. Schematic Representation of the Experimental Setup
The threshold for inducing phosphenes (PT) and the perceived spa-
tial localization of the phosphene sensations was initially assessed
in each participant. The optimal site of occipital stimulation for the
inducement of phosphenes was determined with a mapping proce-
dure and was located in the left hemispheres for 53% and in the right
hemisphere for 47% of the participants. Throughout the experiment,
occipital TMS stimulus was delivered at an intensity of 100% of the
previously determined PT. Tactile stimuli consisted in 15 ms supra-
threshold vibrations on the index finger of either hand (depicted as
a white, arrow-like symbol in the figure). Three types of stimuli
were randomly presented: a unimodal stimulus, i.e., a visual phos-
phene induced by threshold occipital TMS; a crossmodal stimulus,
i.e., threshold occipital TMS paired with a simultaneous touch (stim-
ulus onset asynchrony = 0 ms); and a catch-trial stimulus, i.e., an
irrelevant, isolated tactile stimulus on one side. The intertrial interval
was at least 4 s.
(A) Schematic back view of the experimental setting in experiment 1.
The black star represents the spatial location where phosphenes
were perceived by the participant (in the depicted case, this location
corresponds to the upper quadrant of the left visual hemifield,
although sensations in the right side and lower-quadrant positions
were also reported). Dark gray arms represent the spatially aligned-
hands condition (in this case, with left-sided phosphenes, the left
hand is held in upper quadrant of the left visual field, at the same
spatial location as the perceived phosphene, and the right hand
symmetrically placed in the contralateral hemifield). Light gray
arms represent the spatially misaligned-hands condition, with the
hands shifted vertically toward the quadrants of the visual field op-
posite to the phosphene location (lower quadrants in the depicted
case).
(B) Schematic bird’s-eye view of the experimental setting in experi-
ments 2 and 3. Dark gray arms represent the uncrossed-hands con-
dition; light gray arms represent the crossed-hands condition. In
each condition, one hand was spatially coincident to the phosphene
location, and the other was positioned at the opposite side.as the perceived phosphenes in external space (spa-
tially coincident in external space) or to the hand placed
at the homologous position in the opposite hemifield
(spatially noncoincident in external space).
We predicted that if the crossmodal facilitation of
touch over the visual cortex depended on the spatial
alignment of visual and tactile stimuli, then the percep-
tion of phosphenes reported at a given location should
be enhanced only by spatially coincident touches. This
was indeed found in experiment 1 (Figure 1A, upper
pair of dark gray hands depicting the aligned-hands
condition). Sensitivity (d0) was significantly increased
by the spatially coincident tactile stimulus, but only in
the aligned-hands condition, in which the stimulated fin-
ger was placed right at the phosphene location (2.12), as
compared to the other crossmodal conditions (p < 0.03
for all comparisons) (see Figure 2A).
The above facilitatory effect of touch over visual per-
ception held a high degree of spatial specificity because
any advantage induced by the spatially coincident tac-
tile stimulus was abolished when the hand was placed
in the opposite visual field quadrant of the same hemi-
field, relative to the perceived phosphene location (e.g.,
when the hand was placed in the lower quadrant of the
left hemifield when phosphenes appeared in upper-left
quadrant or vice versa; see Figure 1A, lower pair of light
gray hands depicting the misaligned-hands condition).
Therefore, it was not enough to deliver tactile stimuli
within the same hemifield as the phosphenes; rather,
a precise spatial correspondence was required.
We then tested the existence of a spatial remapping of
the above visual-tactile spatial effects across postures.
If the somatosensory facilitation of phosphenes detec-
tion is really due to a hand-centered crossmodal mech-
anism [2, 3, 7], then a facilitation should be observed
when the hand is located at the reported location of per-
ceived phosphenes, regardless of the absolute position
of the hand in external space. This was investigated in
experiment 2 by the testing of participants under un-
crossed- and crossed-hands postures (Figure 1B) with
the same experimental paradigm as in experiment 1.
As in experiment 1, visual sensitivity was improved
only by tactile stimuli spatially coincident to the per-
ceived phosphenes location. Critically, such facilitatory
crossmodal effect was independent from the absolute
hand posture (uncrossed: 2.35 versus 1.82, p < 0.01;
crossed: 1.95 versus 1.78, p < 0.01), the only critical fac-
tor being the spatial coincidence between the position
of the stimulated hand and the reported location of the
TMS-induced phosphenes (Figure 2B). This result sup-
ports the existence of an efficient spatial remapping of
visual-tactile interactions after postural changes of the
hands [2, 3, 7] that maintains an efficient integration of
tactile input with nearby visual events across hand
movements.
By contrast to the strict enhancement of sensitivity, in
both experiments, the presence of a tactile stimulus did
not change the response criterion for reporting phos-
phenes, as shown by the analysis of c values, which
gave all nonsignificant main factors and interactions.
To summarize, these findings show that the percep-
tual sensitivity to phosphenes perceived at a given
spatial location is enhanced by task-irrelevant touches
delivered to a spatially correspondent region of the skin.
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d0 (bars) and c (lines) values are presented for the crossmodal stimulation conditions in experiment 1 (A) and in experiment 2 (B). White bars rep-
resent the sensitivity for the crossmodal coincident stimulus; gray bars represent the sensitivity for the crossmodal noncoincident stimulus.
Response criterion values are represented by black squares (crossmodal coincident stimulus) and white circles (crossmodal noncoincident
stimulus). Stars indicate a significant difference in sensitivity between crossmodal coincident and noncoincident stimuli (p < 0.03 for all compar-
isons). Error bars denote standard errors.
Sensitivity (d0) and response bias (c) in the crossmodal conditions were quantified for each participant based on their hit and false alarm rates.
d0 and c values for each stimulus type were then analyzed via a two-way analysis of variance (ANOVA) with condition (experiment 1: aligned
versus misaligned hands; experiment 2: uncrossed versus crossed hands) and crossmodal stimulus (coincident versus noncoincident) as
main factors. Post-hoc comparisons were then conducted with the Newman-Keuls test.
The analysis of sensitivity showed in experiment 1 a significant condition by crossmodal stimulus interaction [F (1, 19) = 4.71, p < 0.04]; in
experiment 2, there was only a significant main effect of the crossmodal stimulus [F (1, 9) = 10.47, p < 0.01]. In both experiments, the analysis
of response bias gave all nonsignificant results (see Supplemental Data for further details).Critically, any touch-dependant facilitation follows the
position of the stimulated body part in external space,
in line with the features of spatially specific crossmodal
integration found in animal and in humans [2, 11, 26].
This suggests that proprioceptive cues were used to
update the actual spatial coordinates of the hand in
external space at any change of posture.
Lloyd and coworkers have recently shown in humans
that the monitoring of tactile stimuli on a given hand
positioned across the body midline, in the absence of
visual control, recruited specifically the ipsilateral PPC,
in correspondence of the intraparietal area VIP [4]. In
our critical experiment 3, we directly tested the causal
role of the PPC for the realignment of somatosensory
and visual maps across hands postures by using low-
frequency (1 Hz) repetitive TMS to create a ‘‘virtual le-
sion’’ [6] of the right intraparietal region. We applied
TMS over PPC, following the stereotaxic coordinates
corresponding to the intraparietal region uncovered by
Lloyd and coworkes [4]. During a separate experimental
session, we used rTMS over the right somatosensory
cortex (S1) as a control condition because this area
should not specifically be involved in spatially realign-
ment of multisensory stimuli [1].
In experiment 3, we adopted the same procedure as
experiment 2 but in three different experimental ses-
sions: a baseline session and two post-rTMS sessions.
In the post-rTMS sessions, participants underwent the
experiment immediately after receiving 20 min of rTMS
over the target brain areas (see Figure 3).
We found that in the baseline condition, the crossmo-
dal coincident stimulus significantly increased sensitivity
under both uncrossed and crossed postures comparedto the noncoincident ones (coincident: 3.09, noncoinci-
dent: 2.41, p < 0.01 for the uncrossed and 2.8 versus
2.22, p < 0.01 for the crossed posture, see Figure 4),
thus further confirming the results of experiment 2. In
striking contrast, after TMS interference over PPC, a dif-
ferent pattern of results was clearly evident. Although in
the uncrossed-hands condition the spatially coincident
touch was still more effective than the spatially noncoin-
cident touch in increasing phosphene sensitivity (2.59
Figure 3. rTMS Protocol in Experiment 3
Experiment 3 included three different sessions (counterbalanced
across participants and conducted over different days): a baseline
and two post-rTMS sessions. In the post-rTMS sessions, the exper-
imental task was preceded by 20 min of low-frequency (1 Hz) repet-
itive TMS over the target area. This rTMS protocol leads to an inhibi-
tion of the stimulated area that lasts beyond the stimulation period
itself (i.e., offline window of the disruptive rTMS effect). The task
was administered within the offline window. The targeted stimula-
tion sites were the posterior parietal cortex (PPC) and the right pri-
mary somatosensory cortex (S1). For this experiment, left-lateral-
ized phosphenes were induced by single-pulse stimulation of the
right visual cortex, in all participants.
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d0 (bars) and c (lines) values are presented for the crossmodal stimulation conditions in experiment 3. White bars represent the sensitivity for the
crossmodal coincident stimulus; gray bars represent the sensitivity for the crossmodal noncoincident stimulus. Response criteria are repre-
sented by black squares (crossmodal coincident stimulus) and white circles (crossmodal noncoincident stimulus). Stars indicate a significant
difference in sensitivity between crossmodal coincident and noncoincident stimuli (p < 0.006 for all comparisons). Error bars denote standard
errors.
Results of experiment 3: sensitivity (d0) and response bias (c) were analyzed via a three-way ANOVA with session (baseline, post-PPC-rTMS,
post-S1-rTMS), posture (uncrossed versus crossed hands) and crossmodal stimulus (coincident and noncoincident) as main factors. Post-hoc
comparisons were then conducted with the Newman-Keuls test.
The critical findings from the analysis of sensitivity were revealed by the interaction session3 posture3 crossmodal stimulus [F (2, 18) = 13.75,
p < 0.01]. Analysis of the response bias showed a main effect of crossmodal stimulus [F (1, 9) = 21.21, p < 0.01] and of the session by posture
interaction [F (2, 18) = 6.99, p < 0.01] (see Supplemental Data for further details).versus 2.05, p < 0.01), the reverse held when the partici-
pants crossed their hands: Now a strong enhancement
of sensitivity was induced by the crossmodal noncoinci-
dent stimulus (1.79 versus 2.43, p < 0.01).
After TMS interference over S1, the difference be-
tween the two crossmodal conditions disappeared un-
der both postures (although a slight advantage for the
spatially coincident touch was still evident: uncrossed
hands, 2.34 versus 2.15; crossed hands, 2.41 versus
2.29). Indeed, as compared to the baseline, rTMS over
S1 reduced the efficacy of the crossmodal coincident
stimulus under both postures (crossmodal coincident:
baseline = 2.95 versus post-S1-rTMS = 2.37, p < 0.001;
crossmodal noncoincident: baseline = 2.31 versus post-
S1-rTMS = 2.22, p = 0.8).
Finally, the analysis of response bias showed that the
crossmodal coincident stimuli induced an overall de-
crease in the criterion value, reflecting a response bias
(i.e., a stronger tendency to report seen phosphenes
when touch was present) compared to crossmodal non-
coincident stimuli (0.75 versus 1.08, p < 0.01). Moreover,
after the rTMS over PPC, there was a general response
bias for the crossed-hands situation (0.86 versus 1.08
with uncrossed hands, p < 0.03) (see Figure 4).
In summary, results from experiment 3 are compatible
with a virtual lesion of the intraparietal site uncoveredby Lloyd and coworkers [4] resulting in a selective dis-
ruption of the spatial remapping of visual-tactile infor-
mation across postures. Under normal conditions (i.e.,
baseline), when the crossmodal circuitries in parietal
cortex are normally functioning, a touch delivered in
spatial coincidence with the reported location of the
phosphenes increases the sensitivity of visual cortex
regardless of whether the hands are uncrossed or
crossed. Instead, after the critical rTMS interference
over PPC, the spatial realignment of visual and somato-
sensory coordinates across postures [2] fails, even if the
tactile modulation of visual perception is not abolished
per se. In fact, in clear-cut contrast with the spatially
specific crossmodal enhancement found with un-
crossed hands, when a crossed posture was adopted,
it was the spatially noncoincident touch that now exerted
stronger facilitation of phosphene perception. Now, un-
der both postures, the critical factor for crossmodal facil-
itation was that the tactile input reached directly the
same hemisphere as that responsible for phosphenes,
regardless of the matching between phosphene location
and hand position in external space (as opposed to the
baseline condition, in which this spatial correspondence
of visual and tactile input in external spatial was crucial).
Critically, rTMS interference over the right S1 did not
induce a similar impairment of the spatial congruence
Current Biology Vol 17 No 21
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dition, the difference between spatially coincident and
noncoincident crossmodal stimuli was abolished (al-
though a trend for a spatially specific facilitation under
both postures was shown), suggesting a reduced facili-
tatory effect of the somatosensory stimulus. Anecdot-
ally, in this experimental session only, a few subjects
spontaneously reported a strongly reduced tactile sen-
sation at the hand controlateral to the rTMS stimulation.
What could then happen at the neural level with the
rTMS disruption of PPC? Neuroimaging studies [1]
have shown that the stimulation or the allocation of spa-
tial attention within a given modality can modulate the
activity of modality-specific cortices specific for a differ-
ent sensory modality. For example, a touch to the left
hand usually boosts responses to visual stimuli in the
left visual hemifield; however, the same tactile stimulus
delivered to the left hand can boost the response to
a right visual stimulus when that hand crosses the
body midline [27] (see also [10] for similar effects of
gaze). Such effects imply that somatosensory areas
can affect responses in unimodal visual areas via feed-
back projections through intermediate multisensory
brain structures, which can take the current posture
into account [4]. We suggest that such crossmodal facil-
itation proceeds from primary somatosensory to pri-
mary visual cortex passing through the PPC, in line
with anatomo-functional data in the macaque monkey
showing that the shortest pathway from primary so-
matosensory cortex to the primary visual cortex passes
indeed through intraparietal cortex [28].
Critically, rTMS applied to PPC should disrupt the up-
date of posture occurring in this brain region [4]. As
a consequence, a new intrahemispheric effect, consist-
ing of a direct facilitation of visual cortex through
somatosensory input delivered to the same (in our
case, the right) cerebral hemisphere, can take over, re-
gardless of the spatial location of the stimulated hand
in external space. Such an intrahemispheric mechanism
could be mediated by direct connections between S1
and V1 within the same hemisphere [29, 30], bypassing
the transiently disrupted multisensory parietal region.
An additional effect of the disruption of PPC activity
was the increase of subjects’ willingness to report
seen phosphenes when crossing the hands, reflecting
a response bias under this posture. This can be inter-
preted as a consequence of the increased ambiguity
of postural signals after rTMS interference on parietal
activity, with an enhancement of the typical perceptual
confusion that usually ensues when the hands are
crossed over the midline [31].
In conclusion, the present study shows for the first
time in humans that PPC disruption selectively impairs
the spatial remapping of visual-tactile interactions on
the basis of proprioceptive signals. This function might
be critical for our daily interactions with objects in exter-
nal space. When we see an interesting stimulus, we can
automatically prepare our hands to act toward them with
manipulative or avoidance purposes. In this situation, we
can typically monitor the visual stimulus—for example,
an approaching object—while the hand might be still
out of view. At this stage, an efficient monitoring of
limb posture in the posterior parietal cortex might be crit-
ical to ensure a prompt and efficient interaction betweenthe body and that visual object by keeping the multisen-
sory integrative processes ready to operate.
Supplemental Data
Experimental Procedures and two figures are available at http://
www.current-biology.com/cgi/content/full/17/21/1890/DC1/.
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